Gravitational-wave detected neutron star mergers provide an opportunity to investigate short gamma-ray burst (GRB) jet afterglows without the GRB trigger. Here we show that the post-peak afterglow decline can distinguish between an initially ultrarelativistic jet viewed off-axis and a mildly relativistic wide-angle outflow. Post-peak the afterglow flux will decline as F ν ∝ t −α . The steepest decline for a jet afterglow is α > 3p/4 or > (3p + 1)/4, for an observation frequency below and above the cooling frequency, respectively, where p is the power-law index of the electron energy distribution. The steepest decline for a mildly relativistic outflow, with initial Lorentz factor Γ 0 2, is α (15p − 19)/10 or α (15p − 18)/10, in the respective spectral regimes. If the afterglow from GW170817 fades with a maximum index α > 1.5 then we are observing the core of an initially ultra-relativistic jet viewed off the central axis, while a decline with α 1.4 after ∼ 5-10 peak times indicates that a wide angled and initially Γ 0 2 outflow is responsible. At twice the peak time, the two outflow models fall on opposite sides of α ≈ 1. So far, two post-peak X-ray data points at 160 and 260 days suggest a decline consistent with an off-axis jet afterglow. Follow-up observations over the next 1-2 years will test this model.
INTRODUCTION
Binary neutron star or neutron star -black hole mergers are the likely progenitors systems for gamma-ray bursts (GRBs) with a duration 2 s, the so-called short GRBs (Eichler et al. 1989; Narayan et al. 1992; Mochkovitch et al. 1993; Bogomazov et al. 2007; Nakar 2007) . GRB afterglows have typically been detected following a GRB triggered search (Berger 2014 ) (however, see Cenko et al. 2013 Cenko et al. , 2015 where the afterglow was detected independent of a high energy trigger). Gravitational-wave (GW) detected mergers involving a neutron star provide a new trigger for afterglow searches free of the inclination constraints of the GRB trigger, where the GRB is highly beamed from within an ultrarelativistic jet.
The GW detected merger of a binary neutron star system, GW170817 (Abbott et al. 2017a) , was associated with a weak GRB (Abbott et al. 2017b; Fermi-LAT Collaboration 2017; Savchenko et al. 2017) , ⋆ E-mail: gpl6@leicester.ac.uk an optical afterglow over the days following the merger (e.g. Arcavi et al. 2017; Buckley et al. 2018; Chornock et al. 2017; Coulter et al. 2017; Covino et al. 2017; Cowperthwaite et al. 2017; Drout et al. 2017; Díaz et al. 2017; Evans et al. 2017; Kilpatrick et al. 2017; Lipunov et al. 2017; McCully et al. 2017; Nicholl et al. 2017; Pian et al. 2017; Shappee et al. 2017; Smartt et al. 2017; Soares-Santos et al. 2017; Tanvir et al. 2017; Tominaga et al. 2018; Valenti et al. 2017) , and from ∼ 10 days after the merger, a broadband afterglow that appeared first at X-ray frequencies (Haggard et al. 2017; Margutti et al. 2017; Troja et al. 2017 ) and later at radio frequencies (Alexander et al. 2017; Hallinan et al. 2017; Kim et al. 2017 ). The early afterglow was due to a macronova (a.k.a. kilonova, e.g., Barnes et al. 2016; Tanaka 2016; Metzger 2017) powered by the radioactive decay of r-process nucleosynthesis products (e.g. Li & Paczyński 1998; Rosswog et al. 1998) . The macronova faded rapidly over ∼ 5−10 days. The later broadband afterglow continued to rise over ∼ 150 days with optical observations by the Hubble Space Telescope confirming the single power-law from radio to X-ray frequencies at ∼ 90 days (Lyman et al. 2018 ), continued radio brightening > 100 days (Resmi et al. 2018) , and a turn-over detected at radio and X-ray frequencies (Dobie et al. 2018; Alexander et al. 2018; Nynka et al. 2018) .
The late rising afterglow from GW170817 can be explained by a number of scenarios, including: a structured jet, where the energy and velocity of the jet have some angular profile, or a jet-cocoon system, with the afterglow viewed off the central axis (D'Avanzo et al. 2018; Gill & Granot 2018; Lazzati et al. 2018; Lamb & Kobayashi 2018; Lyman et al. 2018; Margutti et al. 2018; Troja et al. 2018, etc) ; a choked or stalled jet that energises a cocoon (e.g. Kasliwal et al. 2017; Gottlieb et al. 2018; Mooley et al. 2018; ; fall-back accretion that rebrightens a jet afterglow (Li et al. 2018) ; or interaction of the dynamic tidal tails of the merger ejecta with the ambient medium (Hotokezaka et al. 2018) . The prompt GRB 170817A does not rule out any of these scenarios (e.g., Bromberg et al. 2018; Meng et al. 2018; Zhang et al. 2018) .
Due to GW selection effects, the most likely inclination for a GW detected merger is ∼ 31
• with a mean ∼ 38
• (Schutz 2011; Lamb & Kobayashi 2017) ; therefore, there is a high probability that future GW detections of neutron star mergers will have similar late rising afterglows. It is difficult to distinguish between these afterglow scenarios on the basis of pre-peak signatures. Polarization and resolved radio images at late times can provide information to help differentiate the choked-jet cocoon and jet models (Gill & Granot 2018; ). Here we show that the steepness of the decline post-peak can be used to differentiate an afterglow that is driven by an initially ultra-relativistic jet from a more mildly relativistic outflow, such as the cocoon or tidal tails. In §2 we describe our method for estimating the dynamics of a relativistic blast wave that becomes Newtonian, and describe how we estimate the synchrotron flux from the decelerating blast wave. In §3 we show the resultant light curves for the afterglows from the various outflow models, jet or cocoon, and in §4 we discuss the results in detail and include the application to GW170817. We give our concluding remarks in §5.
METHOD
A rapidly expanding blast wave that propagates through an ambient medium will sweep up material and decelerate. The ultra-relativistic dynamics of the decelerating blast wave can be explained by adiabatic and/or radiative expansion (Blandford & McKee 1976; Katz & Piran 1997; Chiang & Dermer 1999; Dai et al. 1999; Huang et al. 1999; Piran 1999; van Paradijs et al. 2000; Bianco & Ruffini 2004 , 2005a Pe'er 2012; Nava et al. 2013) . For the dynamical parameters evolution we follow the analytic solution of Pe'er (2012) who considered, for the first time, both the energy density and the pressure of the shocked material. These analytic solutions provide a good approximation for the expected behaviour of a blastwave, however, to accurately determine the energy and other parameters from the afterglow emission of a well sampled event the results of computationally more expensive full hydrodynamic simulations should be utilised (see Kobayashi et al. 1999; Granot et al. 2002; van Eerten et al. 2010a,b; van Eerten & MacFadyen 2012; De Colle et al. 2012a,b, etc) . As we are concerned with the late-time evolution we will consider only the adiabatic case.
Dynamics
Consider a blast wave of cold material with a kinetic energy E = Γ0M0c 2 , where c is the speed of light, Γ0 the coasting phase bulk Lorentz factor, and M0 the ejected mass. The change in Lorentz factor dΓ for an adiabatically expanding blast wave with swept-up mass dm, in logarithmic bins, is (Pe'er 2012) 
where m is the swept up mass, β = (1 − Γ −2 ) 1/2 = v/c is the normalized velocity, andγ is the adiabatic index 1 .
Synchrotron Emission
The decelerating blast wave will accelerate electrons to relativistic velocities and enhance the downstream magnetic field. These relativistic electrons will emit synchrotron radiation producing an observable broadband afterglow to the explosive event.
We assume that the blast wave accelerates electrons to a single power-law distribution of Lorentz factors dNe/dγe ∝ (γe − 1) −p with a minimum Lorentz factor of γm ≥ 1. Although in practice we can expect the electron distribution to include a significant thermal population (Warren et al. 2018) , the effect of these thermal electrons is important at early times, and we ignore their contribution here. The minimum electron Lorentz factor, where p > 2, is γm = 1 + (p − 2)/(p − 1)εe(Γ − 1)mp/me, where εe is the fraction of downstream thermal energy in accelerated electrons, me is the mass of an electron, and mp is that of a proton (Huang & Cheng 2003) . The magnetic field B ′ in the blast wave is calculated as B ′2 /(8π) = εBe, where εB is the fraction of the energy that goes into the magnetic field. The thermal energy density is e = [(γΓ+1)/(γ−1)](Γ−1)n0mpc 2 (Blandford & McKee 1976; Sari & Piran 1995) , where n0 is the ambient particle number density.
The cooling frequency, characteristic synchrotron frequency, and the peak spectral power for a power law distribution of electrons are found following Wijers & Galama (1999) 
for the co-moving peak spectral power per radiating electron. Here q is the charge of an electron, Xp and fx are the dimensionless spectral maximum and dimensionless peak flux respectively 2 , and primed quantities are in
1 The adiabatic index is found by Pe'er (2012) the co-moving frame throughout. The electron Lorentz factor for efficient cooling is γc = 6πmec/(σTΓB ′2 t obs,0 ) where σT is the Thomson cross-section and t obs,0 is the time for an observer at an inclination ι = 0 as measured from the GW coalescence time.
The maximum synchrotron specific flux is then
where N is the number of emitting electrons, Ω is the solid angle of the emission, DL is the luminosity distance 3 , and Pν m = δP
is the observed maximum specific power per electron where δ = [Γ(1−β cos i)] −1 is the Doppler factor and i the angle between the observer and the emitting point's direction of bulk motion. We assume that the co-moving emission is isotropic Ω ′ = 4π, and as the solid angle transforms as Ω = Ω ′ /δ 2 (Rybicki & Lightman 1979) , the maximum specific power per steradian is
/Ω ′ , and the maximum specific flux for an observer at a distance DL and an inclination i is (Salmonson 2003)
As the specific intensity in the co-moving frame is I
, where A is the emitting area, then the factor δ 3 is consistent with the Lorentz invariant quantity (Granot et al. 2002) . We note that this flux transform is valid for a point source (Ioka & Nakamura 2017) .
The flux Fν at a given observation time t obs follows Sari et al. (1998) and the time for an observer at i is determined using
where R is the radial distance of the blast wave in the lab frame.
The Jet
An ultra-relativistic outflow defined by the solid angle Ω0 = 2π(1 − cos θ0), where θ0 is the initial jet half opening angle and assuming Ω0 does not change, will have radius R = [3N/(Ω0n0)] 1/3 , where N = m/mp is the number of electrons for the calculation of Fν,max using equation 2 and m is the total swept up mass. As the blast wave decelerates and the velocity becomes Newtonian Γ → 1, the minimum Lorentz factor for the electron distribution will also approach unity. Electrons that are no longer ultrarelativistic will cease to emit synchrotron radiation, however, electrons with Lorentz factors between a cut-off value of the second kind (Rybicki & Lightman 1979) , the isotropic synchrotron function assumes that the emitting electrons have an isotropic distribution of angles between the velocity vector and the magnetic field, which is assumed to be tangled. Solving the isotropic synchrotron function for a power law distribution of electron energies gives a dimensionless spectrum, with spectral maximum and the flux at the maximum as Xp and fx. See Figure 1 in Wijers & Galama (1999) for these quantities as a function of the electron index p. 3 Here we neglect the redshift of the source. Where z ≫ 0 the power becomes (1 + z)Pν (Kumar & Zhang 2015) 4 As the shell has some thickness, the surface area change with inclination can be neglected.
γsyn and the maximum γM = Γt obs qB ′ /(mpc) (Gao et al. 2013 ) will continue to emit synchrotron radiation. By considering the distribution of electrons with a lower limit set by γsyn ∼ 2 − 5 for the emission of synchrotron radiation, the number of synchrotron emitting electrons can be found following Huang & Cheng (2003) .
If the outflow expands sideways, then the solid angle of the jet will increase (Huang et al. 2000b (Huang et al. ,a, 2007 Granot et al. 2005; van Eerten et al. 2010b; Granot & Piran 2012; van Eerten & MacFadyen 2012; Granot & van der Horst 2014) . If the sideways expansion is set by the sound speed (e.g. Huang et al. 2000b,a) 
then the increase in the opening angle due to expansion is θj ≈ cs/(Γβc) for small θj and roughly constant cs/(Γβ) (Rhoads 1999; Huang et al. 2000b) For the purposes of determining the late-time afterglow we assume that the jets are homogeneous within a given opening angle, see §3 for a discussion of the jet structure contribution to the afterglow at late times. For each jet we consider multiple segments, or emission regions, and sum the flux over the equal arrival time surface (e.g. Lamb & Kobayashi 2017; Resmi et al. 2018 ). This ensures that we do not underestimate the flux for an off-axis observer due to the point-like assumption made in calculating the flux.
The Cocoon
If the jet has a low energy or there is a high mass of merger ejecta ( 0.05M⊙) enveloping the polar regions where the jets are expected to be launched, then the material that the jet must drill through may be sufficient to stall or choke the jet (Moharana & Piran 2017; Gottlieb et al. 2018; Mooley et al. 2018) . In fact, a jet propagating through dynamically ejected material should naturally produce a mildly relativistic Γ < 10 cocoon (Ramirez-Ruiz et al. 2002; Bromberg & Levinson 2007; Bromberg et al. 2011; Lazzati et al. 2017a; Murguia-Berthier et al. 2017a; Nakar & Piran 2017; Gottlieb et al. 2018 ) over a much wider angle than a typical short GRB jet (Kasliwal et al. 2017; . We therefore assume that all jets are accompanied by a cocoon and the cocoon emission represents the low-energy and low-Γ limit for any jet structure. We model the afterglow light curve from this cocoon with the same method as for an ultra-relativistic jet, solving the dynamical equations for a blast wave with the lower Γ0 and energy per steradian of the freely expanding cocoon (Lazzati et al. 2017a ). All the cocoons considered expand laterally at the sound speed. By including the cocoon with each jet we show that the cocoon accompanying a jet does not contribute to the afterglow at late times, where the energy in the cocoon is less than the jet energy.
LATE-TIME AFTERGLOWS
We produce late-time afterglow light curves for ultrarelativistic jets with and without sideways expansion. For the sideways expansion we consider expan- Table 1 . Fiducial parameters (isotropic-equivalent energy, initial Lorentz factor, initial half-opening angle) for the jet, cocoon, and choked jet dynamic and afterglow models. We assume an ambient density n 0 = 0.01 cm −3 , the microphysical parameter relation εe = ε 1/2 B = 0.1 (Medvedev 2006) , electron distribution index p = 2.2, and a distance of 100 Mpc for all models.
sion at the sound speed (Huang et al. 2000a (Huang et al. , 2007 . As van Eerten & MacFadyen (2012) found relativistic outflows remain non-spherical even when Γ ∼ 2 − 3, we assume that the sound speed expansion is an upper limit. Additionally, light curves are produced for mildly relativistic cocoons. These cocoons should accompany all jetted outflows and can contribute to, or be included in, jet structure descriptions (Lazzati et al. 2017b; Murguia-Berthier et al. 2017b; Lamb & Kobayashi 2017; Xie et al. 2018) . Finally, we consider the afterglow from a choked-jet cocoon system, where the jet has failed to penetrate the merger environment and an energised cocoon will expand with an energy equivalent to that of the failed jet.
In each case we consider the dominant component at late times: for the jets, this is the jet core and so we can ignore any structure that may be present at wider angles (see Rossi et al. 2002; Granot 2005; Lamb & Kobayashi 2017; Xiao et al. 2017; Kathirgamaraju et al. 2018, etc) . The cocoon is included as the extreme limit of any jet structure and demonstrates that even for very wide angled cocoons the late time afterglow is dominated by the core; for the choked jet-cocoon, which may have a stratified radial velocity profile (e.g. Kasliwal et al. 2017; Mooley et al. 2018) , we consider the component that would give the peak of the afterglow and dominate the late-time emission.
For our fiducial parameters we use the values shown in Table 1 . The jets have a half-opening angle of 6
• , consistent with the limits from both Ghirlanda et al. (2016) and Fong et al. (2015) . The cocoon accompanying a successful jet has a half-opening angle of either 20
• or 45
• and a maximum Lorentz factor Γ = 3 (Lazzati et al. 2017a,b; Gottlieb et al. 2018) , and the cocoon from a choked jet has an angle 40
• and a Lorentz factor Γ = 1.4 at the peak energy for the kinetic energy distribution of the radial component E(βΓ) ∝ (βΓ) −k ). For simplicity we use the same microphysical parameters εe and εB, as well as the same electron index p for both the jet and cocoon afterglow models. However, within the same source these parameters could be different for the cocoon and the jet afterglow.
The Lorentz factor Γ, the swept-up mass m, and the adiabatic indexγ are determined for a spherical blast wave with the fiducial parameters by solving equation 1 with a fourth order Runge-Kutta. The Lorentz factor for a decelerating blast wave, with Γ0 = 100, is shown in Figure 1 . The x-axis is the observer time scaled by the deceleration time t dec , where t dec ∼ [3Eiso/(256πn0Γ the jet's central axis. This change in scaling will flatten the temporal index of the late decaying afterglow light curve as the blast wave approaches the Newtonian phase.
Where a jet expands sideways the radius of the shock front will differ from that of a non-expanding or a spherical blast wave. Figure 2 shows the radius of the blast wave with observer time for jets and a choked-jet cocoon with our fiducial parameters. The effect of the jet expansion can be seen as a reduction in the blast wave radial velocity. Before the jet expands, and during the ultra-relativistic phase, the radius scales with time as R ∝ t 1/4 . The expansion of the jet reduces this scaling until the outflow becomes Newtonian, where the radius scales with time as R ∝ t 2/5 . For an outflow with an initially low Γ 2, the scaling never follows the relativistic case and becomes Newtonian once the outflow sweeps up matter with a rest mass equivalent to the explosion energy. The radius for an expanding low-Γ outflow deviates from the expected R ∝ t 2/5 and follows the slightly shallower R ∝ t 20/57 shown by the grey dashed line 5 . Where the initial Lorentz factor is Γ0 5, we find the proportionality is between t 1/4 for Γ0 > 5 and t
20/57
for Γ0 ∼ 1.4; at Γ0 ∼ 2 we find ∼ t 1/3 . The emission from the blast wave is always dominated by the highest density region of the shell. Although sideways expansion can be significant, the radial density profile of the shocked material was shown by Kobayashi et al. (1999) , throughout the transistion from relativistic to Newtonian motion, to remain narrowly spiked at the shock front. We have assumed that the emission is from a surface and ignore the shell thickness throughout the evolution.
Using these parameters and the description for sideways expansion, the synchrotron flux at a given frequency from the blast wave for observers at an angle 0
• , 30
• from the jet central axis is determined. The jet with an incli- nation ι, measured from the jet central axis to the observers line-of-sight, is assumed to be balanced by a counter-jet with an inclination ι + 180
• . Similarly, a choked-jet cocoon will have a counter-cocoon system. The emission from the counter-jet assumes symmetry of the system 6 ; its high inclination yields a very small Doppler factor that significantly reduces the flux and elongates the observer timescale. The observer time is additionally delayed by the extra distance traveled by the light due to the geometry of the system. We assume the medium through which the light travels from the counter system to be optically thin. The total flux for the afterglow is found by summing the cocoon, jet and counterjet/counter-cocoon light curves to produce a total light curve at each time step.
The light curves at X-ray (1 keV), optical (V-band), IR (J-band), and radio (3 GHz) frequencies are shown for the jet cocoon systems (in the first two columns) and the choked jet system (in the last column) in Figure 3 . The Xray afterglow is shown in the top row, the middle row shows both the V-band (solid line) and the J-band (dashed line), and the bottom panel shows the 3 GHz radio afterglow. The two jet columns are respectively: no sideways expansion of the jet; and sideways expansion set at the sound speed. The solid (and the dashed lines for the middle row) represent the total afterglow emission from both the cocoon and the jet. The dotted lines (and dash-dotted lines in the middle row) in the first two columns indicate the cocoon emission only. The limits of the shaded region indicate the jet-cocoon emission where the cocoon is contained initially within an opening 6 The counter-jet, or the dynamical ejecta that the counter-jet must drill through, may not be identical to the near jet. We may see jet-cocoon and counter-choked-jet, choked-jet and counterjet, or even single-sided systems, i.e., uni-polar outflows (see Tucker & Walton 2017) .
angle θ0 = 20
• . The cocoon in a jet-cocoon system dominates the afterglow at early times for an observer at an inclination higher than the jet half-opening angle. The line colour and thickness indicates the observation angle: thinblue is 0
• ; thick-orange is 30
• ; medium-green is 60
• ; and thin-red is 90
• . As we only consider the late-time afterglow we ignore any reverse-shock or self-absorption which is important at early times and at lower frequencies.
The temporal index α, where Fν ∝ t −α , of the various afterglows is shown as a function of the jet core peak time in Figure 4 . Here the colour and linewidth scheme is the same as Figure 3 . The top two panels show the jet-cocoon systems with no expansion, and sound speed expansion. The third panel shows the choked-jet cocoon system. In each case the 3 GHz radio flux temporal index and the 1 keV X-ray flux index are shown as a solid line and a dashed line respectively. The electron distribution index p is shown as a dashed black line and a dotted black line indicates an index of 0, marking the transition from an increasing to a decaying light curve.
For jets, both with and without any sideways expansion, the temporal index of the post break decline (or postpeak decline for a moderately off-axis observer 60 • ) at its steepest is always larger than the equivalent for a wider angled choked-jet cocoon system. At late times the jet in a jet-cocoon system, or the core in a structured jet, dominates the light curve. Here structured jet refers to an angular dependence within the jet half-opening angle for the energy and Lorentz factor (e.g. Rossi et al. 2002; Granot 2005) . For a structured jet the cocoon can be included as the low-energy limit of the structure (e.g. Lazzati et al. 2017b; Lamb & Kobayashi 2017) although it is technically a distinct component situated beyond the jet half-opening angle. In the case of the expanding jet, a flattening or a rebrightening of the light curve are seen due to the counterjet. A similar, although more modest effect, can be seen for the choked-jet cocoon system, where we assume that both jets are successfully stalled.
The transition from an ultra-relativistic outflow Γ 5 to a Newtonian outflow Γ ∼ 1 will affect the temporal index α of the decaying afterglow. From Figure 1 , where the outflow does not expand, we can see that Γ ∝ t −1/3 when 5 Γ 2. When the beaming angle of the emission becomes larger than the opening angle of the outflow, the edge of the jet will become visible resulting in the edge effect. The edge effect will steepen the decline in the afterglow as Γ −2 . For a relativistic jet, where Γ ∝ t −3/8 , the temporal index due to the edge effect will steepen by 3/4. When 5 > Γ 2 the edge effect results in the temporal index steepening by ≈ 2/3. However, when the Lorentz factor is Γ 2, the outflow will begin to transition to a Newtonian blast wave. The temporal index in the Newtonian regime is α = 3(5p − 7)/10 where νm < ν < νc, and α = (3p − 4)/2 where νm < νc < ν (Huang & Cheng 2003; Gao et al. 2013 ). For a low-Γ outflow that experiences expansion during this Newtonian transition, the expansion slows the blast wave so that R ∝ t 20/57 (see the grey-dashed line in Figure 2 ) where Γ0 ∼ 1.4, or ∼ t 1/3 for Γ0 2, resulting in a steepening of the expected temporal index by ∼ 0.15 or ∼ 0.2 respectively.
The jet without sideways expansion shows the temporal index behaviour expected from the jet-edge effect only, with the index steepened by 3/4 while Γ > 5. For this system, the effect of the change in the Γ vs t scaling relation for Γ 5, can be seen between t ∼ 1000 days and ∼ 6000 days where α goes from ∼ 1.65 to ∼ 1.15 for the flux at 3 GHz. For the expanding jet, the post jet break behaviour is initially dominated by the edge effect. However, at times 10 days for our parameters, the jet spreading slightly steepens the decline as the temporal evolution of the radius slows down. For the choked-jet cocoon system, the decline steepens for a short period, the counter-cocoon contributes to the light curve from ∼ 1000 days and at 4000 days the system starts to approach the Newtonian decline.
DISCUSSION
We have used dynamical parameter evolution that traces the transition from a relativistic to a Newtonian blast wave to determine the late time behaviour of the afterglow light curves for jetted and wide angle cocoon-like emission expected to follow a gravitational-wave detected compact binary merger involving a neutron star. The late time temporal index of the evolving counterpart can be used along with knowledge of the electron energy distribution index p, to identify the existence of an initially ultra-relativistic jet for observers at inclinations ι θ0 + 1/Γ0, where no bright GRB with a jet origin is expected 7 . Additionally, the late time behaviour can be used to put constraints on the degree of sideways expansion of the afterglow producing material.
For a jetted outflow, the rate of sideways expansion contributes to the timescale for the expected peak of the jet afterglow emission. Timescales for jets with sideways expansion are shorter than those for outflows that have no expansion. A jet with our sound speed expansion descrip-7 For observers at ι > θ 0 + 1/Γ 0 a burst of gamma-rays similar to a short GRB may originate at the shock breakout from the merger ejecta, as may have happened with GRB 170817A (Granot et al. 2017) . Although a prompt GRB can be fully suppressed even for an observer at ι < θ 0 + 1/Γ 0 for a mildly relativistic jet Γ 0 20, such jets are expected to have afterglows similar to those from GRB producing jets (Cenko et al. 2013; Lamb & Kobayashi 2016 ). tion will have a deceleration, or peak time for an off-axis observer, earlier by about an order of magnitude than for a jet without expansion. The peak flux of the afterglow for an off-axis observer is brighter (∼ 1 − 2 magnitudes at optical frequencies for our parameters) than that for an identical jet but with less or no sideways expansion.
The post-jet-break, or post-peak for an off-axis observer, temporal decay can indicate the degree of sideways expansion. For a jet without expansion the post-break or steepest decline index is determined by the jet edge effect. The afterglow decline is shallower for observers at higher inclinations, and for ι 60
• the afterglow decline approaches the Newtonian solution with little evidence of a jet. For a jet that expands sideways, at wider inclinations the counter-jet will indicate the jet-like nature of the afterglow before the transition to the Newtonian phase. Although we have not considered very rapid expansion, as it is not seen in hydrodynamic simulations (van Eerten & MacFadyen 2012), for a jet that expands more rapidly than the sound speed case the post-peak decline for an off-axis observer will be at an index α > p (van Eerten et al. 2010b) . After the steepest decay phase the afterglow temporal index will decrease from the rapid decay phase until it approaches the Newtonian solution, interrupted only by the counter-jet.
The jet-cocoon light curves presented in Figure 3 , first two columns, assume a homogeneous jet surrounded by a cocoon. Within the jet half-opening angle, the jet is expected to have a degree of angular structure and the transition from the jet to the cocoon will be 'softer' due to shear forces and mixing than the sharp edge assumed here. Additionally, the cocoon can be expected to have some intrinsic angular structure. This angular structure within the jet and the cocoon system will result in an afterglow light curve with the expected features of a structured jet profile discussed in relation to GW detected counterparts by Lamb & Kobayashi (2017) , Lazzati et al. (2017a ), Jin et al. (2018 , Kathirgamaraju et al. (2018) , Xie et al. (2018) and others. The shape of the pre-peak light curve for an off-thejet-axis observer can give an indication of the jet-cocoon angular structure (Lamb & Kobayashi 2017 ).
Throughout we assume that the core in the jet structure description is the fastest and most energetic component. Alternatively the jet structure could be dominated by other regions within the opening angle such as with anisotropic jets (e.g. Yamazaki et al. 2004; Ioka et al. 2005) or an energetic second component (e.g. Barkov & Pozanenko 2011) . For such jets the most energetic component would still dominate the late-time afterglow. Variability or re-brightening of the late afterglow could indicate either multiple 'mini-jets' or an energetic second-component.
We have assumed plausible parameters for our jets, cocoons, and choked-jet cocoons. The choice of parameter values alter the timescale and peak flux of the light curves shown in Figure 3 . The timescales for deceleration and the transition to the Newtonian regime depend on the environment ambient number density as t ∝ R ∝ n −1/3 0 . As Fν,max ∝ En
L , the brightness of the afterglow is most sensitive to these parameters. We have only considered jets accompanied by cocoons with less energy than the jet; if a population of choked-jet cocoons exists (Moharana & Piran 2017) then there must be a transitional parameter region where the cocoon has a higher energy than a successful jet. In such a case we may see the cocoon at late times even for an on-axis observer, for an off-axis observer this energetic cocoon would dominate the decline at late times and hide the successful but weak GRB producing jet.
The observation of an afterglow emission from a jet at the transition to the Newtonian regime will require very sensitive telescopes at all wavelengths, such as Chandra at 1 keV, the Hubble Space Telescope and the James Webb Space Telescope at optical and infrared wavelengths, and the Square Kilometre Array at radio frequencies. For a source at 100 Mpc and our parameters, the required sensitivity is ∼ 10 −35 erg cm −2 s −1 Hz −1 at 1 keV, AB magnitude > 32 at optical and infrared wavelengths, and ∼ 10 −1 µJy at 3 GHz.
Application to GW170817
After the rapidly fading macronova associated with GW170817 had vanished from view (Lyman et al. 2018) , the late time afterglow was observed to increase gradually over a period ∼ 10 − 150 days (e.g. Alexander et al. 2018) . This enigmatic afterglow can be fit by various structured jet/jetcocoon systems or a choked-jet cocoon with a radial velocity profile. To fit the early afterglow, all the structured jet/jetcocoon models have a jet core that is more energetic than the cocoon and so will always dominate the late time afterglow. In Figure 5 we show the normalised flux at a frequency of 3 GHz and normalised time post-peak for the emission from a jet with the parameters from Lyman et al. (2018) , p = 2.11 and ι = 29.5
• , and a choked-jet cocoon with parameters from Mooley et al. (2018) and a Γ0 = 1.4, p = 2.2 and viewed within the cocoon half-opening angle. The shaded regions indicate the parameter space between the expansion descriptions for the jet and cocoon. As the temporal index α during the declining phase depends only on Γ and p (the jet models require an inclination outside of the jet core angle) we can ignore the difference in the model parameters by presenting the flux and time as a fraction of the peak values. If both systems behaved in a similar fashion post peak, then we would expect the choked-jet cocoon to have the steepest decline index as we assume a p value that is slightly larger than that for the jet system. However, it is clear from Figure 5 that if the afterglow is due to an off-axis jet, where the core is now dominating the emission, we will see an afterglow that declines steeper than that achieved by the choked-jet cocoon system, α 1.5. Conversely, if the declining afterglow never becomes steeper than α 1.35, then a choked-jet cocoon peaking with Γ0 ∼ 1.4 is most likely responsible for the entire afterglow from ∼ 10 days post merger. Dobie et al. (2018) reported that the afterglow luminosity peaked in the radio at ∼ 150 days. The subsequent decline in the afterglow has been confirmed at X-ray frequencies with observations at ∼ 260 days post merger showing a decline since ∼ 160 days (Alexander et al. 2018; Nynka et al. 2018) . Extrapolating a power-law decay from just these two data points, the decline in X-ray flux indicates that between these observations, the afterglow has declined with an index of α ∼ 1.3, suggesting the start of rapid expansion. This decline is measured over a period ∼ 1.6 × 'peak time', assuming a peak at ∼ 150 − 160 days. This is consistent with the jet afterglow model where the index at this time should be 0.7 α 1.4.
If the decline follows the off-axis jet afterglow model, the flux will decay by an order of magnitude over a duration ∼ 4 × 'peak time', or 2 years. This would bring the X-ray flux close to the Chandra detection limit based on Figure  5 (although this figure was computed for a radio afterglow, the decay will be similar at X-ray frequencies, especially for the cocoon where the cooling frequency νc is above the Xray band even at late times). For the Very Large Array, the sensitivity is ∼ 10 µJy, approximately an order of magnitude fainter than the peak flux, giving the same time scale as for the X-ray flux. There should be > 3 observations by each of these telescopes over the respective time scale to get a reliable constraint on the temporal index α of the decline. At X-ray and radio frequencies a temporal index α 1 will strongly favour an initially ultra-relativistic and off-axis jet driving the late time afterglow. A wide-angle outflow will be above the sensitivity limits for much longer than the jet afterglow.
Considering energy and ambient number density constraints, analytic estimates favour Γ0 2 for a wide-angle outflow that peaks at ∼ 150 days. While we focus on two alternative models -a successful jet with an ultra-relativistic core Γ0 100 or a choked jet transferring energy to a wideangle, mildly relativistic cocoon where the peak time emitting component has Γ0 2 -intermediate models have been proposed in the literature. For example, Xie et al. (2018) suggest a wide-angle cocoon with Γ0 ∼ 10. Because the light-curve decay at late times is driven by a fast moving component of the ejecta outflow, such cocoon models will behave similarly to our non-expanding relativistic jets, although the break to the steepest decline will be later than the peak time.
If the current afterglow 300 days is purely an energetic cocoon component then a contribution from a narrow and highly energetic jet may appear at ∼ 1000 days ; in this scenario a cocoon peaks and then declines and the jet afterglow will cause a rebrightening of the light curve at very late times. The two episodes will have declining light curves that follow the temporal indices described here.
CONCLUSIONS
We have shown that the late-time, post-peak decline in the afterglow of a GW-detected merger system can be used to differentiate between outflow geometries. With the aid of constraints on the system's inclination from the gravitational-wave signal, the steepest decay index post peak for a mildly inclined event will differentiate between any of the jet models and a choked-jet cocoon.
For an afterglow that is dominated by the decelerating core of an initially ultra-relativistic jet the late time decline will show evidence of an edge effect, or expansion, by exhibiting a temporal index steeper by > 3/4 than the well-known (3p − 3)/4 or (3p − 2)/4 for νm < ν or νc < ν emission. Mildly off-axis ι 60
• observers may see a very steep decline, depending on the details of the jet expansion.
For the choked-jet cocoon, due to the low-Γ value for such systems, the temporal index is determined by the relativistic to Newtonian transition. Where the cocoon expands rapidly we see a slight steepening of the Newtonian regime temporal index, as Fν ∝ R 3 t (9−15p)/10 , and R ∝ t k where k ∼ 1/3 for Γ0 2 and ∼ 20/57 for Γ0 = 1.4 instead of the expected R ∝ t 2/5 . The post-peak afterglow will decline with a temporal index Fν ∝ t −α for:
• Jet; α > 3p/4 for νm < ν and α > (3p + 1)/4 for νm < νc < ν;
• Choked-jet cocoon where Γ0 2; α < (15p − 19)/10 for νm < ν and α < (15p − 18)/10 for νm < νc < ν;
• Choked-jet cocoon where Γ0 = 1.4; α < (855p − 1113)/570 for νm < ν and α < (285p − 352)/190 for νm < νc < ν.
Applying this technique to the afterglow of GW170817, we find that if the declining afterglow is observed to have a temporal index α 1.5, at its steepest, then only the core of a decelerating jet can achieve this. In contrast, if the decline is always α 1.4, then a choked-jet cocoon or dynamic tidal tails are most likely responsible for the afterglow. Observations at radio and X-ray frequencies from peak flux until ∼ 10× the peak flux time are crucial to distinguish between the jet and the choked-jet afterglow. Based on just two X-ray data points at 160 and 260 days, the rate of the afterglow decline is consistent with an off-axis jet afterglow.
Using the most sensitive telescopes, and relying on nearby mergers 40 Mpc, the point at which a system becomes Newtonian can be probed. A change, or brightening, of the afterglow decline can indicate the contribution from a counter-jet, the degree of this contribution can constrain the sideways expansion of an initially ultra-relativistic jet.
